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ABSTRACT   
 
High-resolution imaging techniques have become important for the determination of 
the cellular organization that is coupled to organ function. In many cases the organ can 
be viewed without the need of ionizing radiation techniques in an easier and 
achievable way. This is the case of the gastrointestinal tract, and organ that can be 
directly accessed with endoscopy without the need of an invasive procedure. Many 
studies on diseases of the Gastrointestinal Tract are currently under way due to their 
large impact in human health.  
Mice and rats have been used for the study of these diseases, and in particular cancer, 
due to their similar anatomy and physiology with humans and their easy handling. The 
main objective of this project is to design a fluorescence high resolution endoscope 
test it in mice, without and with cancer previously induced in the large intestine, 
imaging the cellular organization of the colon. Access to the colon of the mouse takes 
place through the use of a fiber-optic bundle that redirects the light coming from a led 
to produce fluorescence and detect it back through the fiber bundle. 
This project has been done at the Universidad Carlos III de Madrid where the design of 
the fluorescence high-resolution endoscope for small animals took place; and in 
collaboration with the Centro de Biología Molecular Severo Ochoa de Madrid where 
the in-vivo testing in mice and laboratory protocols for further diagnosis and validation 
of the endoscope were performed. 
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1. INTRODUCTION  
 
1.1. Motivation 
 
Understanding the Gastrointestinal tract has been an important field of study for many 
scientist and researchers. Colorectal cancer, a type of cancer developed in the colon or 
in the rectum, is the third most common cause of death in men and women and also 
the second most common cause of death when numbers for both men and women are 
combined [1] 
The early detection of colorectal cancer is crucial for the diagnosis and curation, 
increasing significantly the probability of survival. Regular screening, looking for cancer 
or precancer indicators before any symptom of the disease, can prevent many cases of 
colorectal cancer by finding and removing certain types of cells before they can 
develop into cancer. If cancer was found early before it has spread or developed, the 
survival of 5 years is about 90%, much higher than when detected at later stages. 
Different techniques has been used for screening and detecting this kind of cancer and 
endoscopy has become one of the most important ones for the prevention, early 
detection, diagnosis, and treatment of cancer. It is a non-harmful imaging technique 
and provide clinicians with additional information regarding about color, surface 
texture and other characteristics that cannot been seen with other imaging techniques 
such as X-rays and MRI [2] 
New endoscopes have been developed for testing in animals such as mice to 
accelerate the diagnosis of colorectal cancer and make it more real and similar to 
humans. Many experiments for colorectal cancer are taking place today by inducing 
this cancer in rodents. Scientist and researchers rely on rats and mice for several 
reasons. On one hand, their small size is appropriate for breeding and handling, they 
are relatively easy to maintain and they adapt well to new environments. They also 
have a very similar human immune system as well as a similar human genome.  
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Mice and rats reproduce quickly and they have a high number of offspring with a short 
gestation period (19-21 days) and also a short lifespan of two to three years so several 
generations can be studied in relatively short periods of time [3]. 
Since their genetic, biological and behavior characteristics resembles those of humans 
and those similarities have become even stronger by genetic modifications, ‘transgenic 
mice’, they are efficient for research avoiding studies in humans. In particular, the 
gastrointestinal track is similar in mice. This allow us to increase the understanding of 
carcinogenesis, tumors and the impact of specific molecular events on the colon.  
Colorectal cancer can be induced in mice in the gastrointestinal tract for further study 
of treatments that could be applied in humans. During this project we developed a 
high quality endoscopy system that uses fluorescence in order to study colorectal 
cancer in mouse large intestine. 
 
1.2. Gastrointestinal track 
 
The GI consists on a long tube inside the animal, with the mouth as the opening at the 
anterior end and the anus as the opening at the posterior end. The rodent digestive 
system has two main differences with respect to human digestive system. First, 
rodents do not have a gallbladder because they do not usually take large amount of 
fatty foods. Secondly, they have an enlarged large intestine, namely, the cecum that 
helps them to digest the grains and seeds they intake [4] 
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Figure 1. Gross anatomy of the human and the mouse gastrointestinal track (from [5]) 
  
The advantage of the GI is that it can be accessed directly with an endoscope avoiding 
invasive techniques. During this project, we have focused on the rectus and the colon 
in which colorectal cancer was induced and that can be reached easily with our 
endoscope. The goal is to image the texture of the mouse large intestine that is 
characterized by the crypt structure (Figure 2).   
 
 
Figure 2. The structure of the large intestine (colon) crypt formed by different types of cells 
(from [6]) 
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In the case of the large intestine (colon) a crypt is an intestinal gland (also crypt 
of Lieberkühn) that is composed of a structure of cells forming a microscopic tube 
shape with a central hole down the length of the tube (the crypt lumen). 
The crypt structure in the colon of a mouse can be image with a fluorescent fiber-optic 
endoscope by inserting it into the large intestine where cells have previously been 
stained with a fluorescent reporter.  
 
1.3. Endoscopy 
 
Endoscopy is a medical procedure that consists on looking inside the organs and 
cavities of the body using an instrument called endoscope that has to be previously 
disinfected. The difference with other techniques is that the endoscope is inserted 
directly into the organ or while for example X-ray or MRI obtain images from the 
exterior of the body. This technique allows to see real time images providing functional 
information while other imaging techniques such as X-ray or MRI provide only static 
information. 
Endoscopes have been used during almost two centuries since 1806 when Phillip 
Bozzini developed the first one for the examination of canals and cavities of the human 
body. Antonin Jean Desormeaux was the first one on using an endoscope in a 
successful operation before the invention of electricity. 
The discovery of electricity was an improvement for endoscopy because it allows the 
use of an external electric light source for the illumination of the cavities under 
inspection. This lead to the use of endoscopes in laparoscopy, an operation performed 
in the abdomen or pelvis through small incisions (usually 0.5–1.5 cm) with the aid of a 
camera, by Hans Christian Jacobeaus in 1910. 
Karl Storz played a crucial role in the development of endoscopy in 1945 when he set 
out to introduce very bright but cold light into the body cavities at the same time of 
image transmission.  
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In 1957 Basil Hirschowitz and Larry Curtiss invented the first fiber-optic endoscope 
thereby achieving the high level of full spectrum illumination that was needed for 
detailed viewing, and color photography [7]. This endoscope uses fiber bundles to 
illuminate the cavity or organ and to capture the image. 
An endoscope is composed of different parts that combined have the ability to acquire 
high quality images in color and in real time. The different parts that form an 
endoscope are the following: 
- A rigid or flexible inserting tube that is placed inside the cavity we want to 
examine. The length and radius vary depending on the cavity in which is going 
to be inserted. Inside it we have the fiber bundles, the video signal wires and 
sometimes a biopsy channel. 
- A light delivery system to illuminate the organ that usually is outside the body 
of inspection and directs the light from the source to the body through a light 
tube. 
- An image acquisition system composed of lenses and a camera that transmits 
the image to a screen for visualization. 
 
 
 
Figure 3. Components of and endoscopy system (from [8]) 
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Endoscopes have been used for the inspection of different cavities and organs such as 
the gastrointestinal tract, urinary tract, respiratory tract, reproductive system, ear 
during surgery or the inspection of the fetus during pregnancy. 
The main risks of using an endoscope are infection, over-sedation or perforation of the 
tissue but we have to remember that each of these occurs infrequently. 
One of the most common endoscopies is colonoscopy in which the large intestine and 
the distal part of the small intestine are imaged by passing the flexible tube through 
the anus. Colonoscopy is very useful for the detection of cancer and other digestive 
diseases in which their early detection could be crucial for total recovery.  
 
1.3.1. Fiber-optic endoscopy 
 
Fiber-optic endoscopes use a flexible tube that consists of two or three main fiber 
bundles (Figure 5.A) each of which is formed up to 50,000 optical fibers. This optical 
fibers carry coherent light from one end of the fiber to the other by total internal 
refraction (Figure 5.B). One or two of the cables carry light down into the patient's 
body; another one carries reflected light (the image of the patient's cavity or organ) 
back up to the camera (Figure 4) [9] 
 
 
Figure 4. Inserting tube of a fiber-optic endoscope (from [10]) 
1. INTRODUCTION 
20 
The advantage of these endoscopes is that they can be inserted in small cavities of the 
body that otherwise cannot be examined such as head and neck areas or arteries. 
 
A.  
 
 
B.  
 
 
Figure 5. A) Fiber bundle of a fiber-optic endoscope (from [11]) B) Optical Fiber (from [12]) 
 
These fiber-bundle endoscopes enable high-quality video for medical application and 
also provide us new options for in-vivo biological research and high resolution 
fluorescence imaging. They can be used in humans, animals or other living organism 
for different purposes including diagnosis, research and laboratory testing. 
During this project we have developed a fluorescence fiber-optic endoscope for the 
inspection of the mouse large intestine. This endoscope differs from the common 
fiber-optic endoscope since it uses one single fiber bundle that transmits light and 
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captures images produced by fluorescence at the same time. Common fiber-optic 
endoscopes use two or three fiber bundles and more cables as described before. 
 
1.4. Fluorescence microscopy  
 
The basic optical microscopy technology uses a visible light source and an arrangement 
of lenses to magnify images of small samples. Although optical microscopy has played 
a fundamental role in cell and molecular biology and it has been available for over four 
centuries, fluorescence microscopy has been a breakthrough for microscopy. A 
fluorescence microscope is an optical microscope that uses fluorescence to create an 
image.  
Fluorescence is a specific type of luminescence that characterizes substances, which 
are able to absorb energy in form of electromagnetic waves and, then, re-emit part of 
that energy as electromagnetic radiation with wavelength of lower energy that is 
measured by the detector. In fluorescence microscopy, the biological sample 
containing a fluorophore molecule, chemical compound that re-emit light upon light 
excitation, is illuminated through the objective lens with a narrow set of wavelengths 
of light. Between the photon absorption and emission there is a very short time delay 
depending on the lifetime of the excited state, which is usually in the range of tens of 
nanoseconds to hundreds of nanoseconds. The sample under study may naturally 
contain the fluorophore, be genetically modified to express it (in form of the Green 
Fluorescent Protein, GFP, and its variations) or it can be chemically manipulated by 
labelling specific cells and proteins with fluorescent stains through a process called 
immunofluorescence. Therefore, fluorescence has become a good choice as a 
diagnostic method. With the help of fluorescence, it is possible to access organs and 
cavities without the need of going through a surgery. 
Fluorescence microscopy requires intense, near-monochromatic illumination. Four 
main types of light source are used, including xenon arc lamps or mercury-vapor 
lamps with an excitation filter, lasers, and high-power LEDs. Lasers are most widely 
used for more complex fluorescence microscopy techniques like confocal 
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microscopy and total internal reflection fluorescence microscopy while xenon lamps, 
mercury lamps, and LEDs with a dichroic excitation filter are commonly used for epi-
fluorescence microscopes. 
Its development had an important effect on biomedical research since it allowed 
scientists not only to observe normal physiological processes, which could be seen 
with other techniques, but also to detect and analyze several signals and to track them 
in real time. 
There are different fluorescence microscope configurations and during this project we 
used an optical sectioning microscope termed light-sheet fluorescence microscopy 
(LSFM). This configuration avoids some problems such as the need of histological 
sectioning of the sample or low tissue penetration of light and the out-of-focus 
fluorescence that happens for the case of epi-fluorescence microscopy, while being 
able to acquire high-resolution images through a thick specimen at different axial 
depths. Good optical sectioning allows a straightforward tri-dimensional 
reconstruction of 2D images into a volumetric data set. 
 
1.4.1. Selective Plane Illumination Microscopy (SPIM)  
 
Light sheet fluorescence microscopy (LSFM) is a fluorescence microscopy technique 
with an intermediate optical resolution, but good optical sectioning capabilities and 
high speed. A laser light-sheet, which is focused only in one direction with the help of a 
cylindrical lens, is used for illumination. Thus, only a very thin slice of the volume is 
excited detecting the radiation to fluorescence on that specific slice.  LSFM was 
developed in 1994 as orthogonal plane fluorescence optical sectioning microscopy or 
tomography (OPFOS) mainly for large samples and later as the selective plane 
illumination microscopy (SPIM) also with sub-cellular resolution which is the one used 
in this project. 
Selective Plane Illumination Microscope uses one light sheet and one objective lens 
perpendicular to each other. The sample is placed at the focal plane at the intersection 
of the perpendicular paths of illumination and detection (Figure 6). The sample is 
moved in a stepwise manner along the axial direction to acquire parallel planar images 
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through the whole sample volume. Micrometric precision is achieved by means of a 
motorized stage that moves the specimen. CCDs or CMOS cameras are used to capture 
the images and allow fast acquisition of high quality images 
 
 
Figure 6. SPIM fluorescence microscopy setup. The light sheet illumination (blue) and the 
objective detection (green) perpendicular to each other with the sample in the focal pane of 
intersection (from [13]) 
 
The planar light sheet is obtained by the excitation laser going through a set of mirrors 
reaching the cylindrical lens. The dimensions of the light sheet can be adapted to 
different sample sizes: for small samples we can use a very thin sheet while for larger 
samples a thicker sheet is used. The thickness of the sheet is thereby related to the 
axial resolution of the data set. The shape of the beam is also far from ideally planar, 
presenting a Gaussian shape. We can observe in Figure 6 how the shape of the beam is 
broader at the ends and narrower towards the center. By placing the narrowest part of 
the light sheet in the center of the field of view, the sample will be illuminated with the 
most uniform part of it.  
Fluorescence microscopy has some limitations such as photobleaching and photoxicity 
of the sample. Photobleaching occurs as the fluorescent molecules accumulate 
chemical damage from the electrons excited during fluorescence. Photobleaching can 
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severely limit the time over which a sample can be observed by fluorescent 
microscopy. Phototoxicity is produced by the molecular changes due to the absorption 
of light that causes toxiciy. Both effects are reduced with the Selective Plane 
Illumination configuration since excitation radiation is received only by the sheet-like 
volume that is illuminated at each time. In comparison with other fluorescence 
microscopy modalities in which the whole sample is excited during the entire time 
span of the scanning, the reduction in photobleaching can reach up to several orders 
of magnitude. 
Selective Plane Illumination Microscopes are also limited by the scattering and 
absorption of light as it penetrates through the tissue leading the loss in resolution. 
This is due the optical absorption and scattering properties of the tissues that impede 
the excitation of the fluorophores. In order to minimize this absorption and scattering 
and thus compensate for this limitation, samples under study need to either be 
sufficiently thin or to present a high degree of transparency. There are some clearing 
protocols to achieve the transparency of the tissue that involved the incubation of the 
tissue in different solutions and at different temperatures during some days.  
It is during this protocols when the sample is genetically modified such that fluorescent 
proteins label individual cells, particular tissues or whole structure in a process called 
immunofluorescence. Immunofluorescence is an antibody-based method to target 
fluorescent dyes to specific biomolecule targets within a cell, and therefore allowing 
the visualization of the distribution of the target molecule through the sample.  Such 
fluorescent transgenic organisms offer the opportunity to visualize the cells and tissues 
with high resolution.  
Depending of the fluorophore markers used in our sample different lasers with 
different wavelengths are used. Furthermore, multiple channels are available and can 
be acquired sequentially by simply changing the excitation laser light wavelength and 
the emission filter. 
The reconstruction of the volume is achieved with the stack of high-quality two 
dimensional images from the data set acquired. Thus we can easily obtained 3D-
images of organisms and multicellular samples in a faster manner. 
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1.4.2. Tissue clearing methods 
 
When observing tissues under the Selective Plane Illumination Microscopy we 
encounter some disadvantages that reduce the resolution of the obtained image. The 
most important one is the absorption and scattering of light in tissues that avoid the 
excitation of the fluorophores and that increases as we go deeper in the tissue. Many 
clearing techniques have been developed in the last years to make tissues transparent 
and avoid this problem. 
 
Figure 7. a) Low transparency through absorbing pigments; b) Low transparency due to 
effective scattering at surfaces with changing refractive index; c) High transparency after 
equalization of refractive indices (from [14]) 
 
Absorption of light occurs when the radiation (light) passes through a material (tissue) 
ongoing to its interaction and reducing the intensity of the light transmitted that is 
transformed into heat inside the tissue (Figure 7.a) . This happens due to the 
chromophores of the tissue, the part of the molecule responsible for its color, that 
absorb the light exciting and electron from it is ground state to an excited state. The 
amount of absorption of each chromophore depends on the tissue and on the 
wavelength used so clearing methods efficiently decolorized this chromophores 
present in the tissue [14]. 
The main problem is scattering that occurs at the many boundaries of changing 
refractive index due to different tissues (Figure 7.b). Clearing methods is equalize this 
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refractive index between tissues but without destroying the 3D structure preserving 
tissue organization at cellular and systemic level, and without degrading the possibly 
present fluorophores.  
 
Figure 8. A mouse brain before (left) and after (right) clearing with amino alcohols using 
CUBIC clearing protocol (from [15]) 
 
Clearing methods combine chemical reagents to make the tissue transparent so that 
light passes through the tissue without losing intensity or suffering scattering (Figure 
7.c), but many cases the lifespan of the present fluorophores obtained by 
immunofluorescence is reduced. There are some methods developed recently to 
preserve this fluorescence while achieving a high degree of transparency as the CUBIC 
(Clear Unobstructed Brain Imaging Cocktails) clearing method used in this project due 
to its simplicity and compatibility with SPIM microscopy. Another advantage of this 
method is the short required incubation period to make the tissue transparent since in 
other methods the incubation period could last weeks or months. 
 
 
 
 
2. OBJECTIVES 
 
2.1. Development of a high resolution fiber-optic fluorescence 
endoscope 
 
Many biological and clinical studies require the analysis of morphology and function 
with cellular level resolution. The main objective of this project is the development of a 
fluorescence fiber-optic endoscopy system with a high resolution and quality imaging 
needed to examine the cellular level of any tissue. The difference of this endoscope 
with the traditional fiber-optic endoscope is that it uses only one fiber bundle (Figure 
5.A) as insertion tube while the traditional one uses two or three fiber bundles (Figure 
4) apart from other tubes and cables. 
The purpose of this project is to test the fluorescence fiber-optic endoscopy system 
with two different optical fiber bundles: a fiber bundle in which the tip is directly in 
contact with the tissue and a fiber bundle with a GRIN (gradient-index) lens attached 
at the tip so that the tissue is located at a distance from the GRIN lens. With a LabVIEW 
program, real-times images captured with the fiber-optic endoscope can be viewed as 
well as videos can be recorded and saved for further analysis. 
 
2.1.1. In-vivo application 
 
During the in-vivo test, the fluorescence fiber-optic endoscope was tested on living 
mice under sedation and with a previously fluorophore introduced inside the intestine, 
in order to determine which configuration is optimal for imaging the colon.  
The purpose is to use mice under induced cancer treatment so that they present some 
tumors in the colon that could be detected with our endoscopy system as well as test 
it in healthy mice. The fiber bundle of our endoscope was introduced in the colon of 
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the mouse through the anus and real-time videos showed us the intestinal tissue of 
the animal and allowed us to drive the fiber bundle inside the mouse intestine. 
In-vivo experiments were performed at the Centro de Biología Molecular Severo 
Ochoa in Madrid in collaboration with Alicia Arranz, a postdoctoral researcher. 
 
2.1.2. In vitro and microscopy validation 
 
In-vitro tests in previously extracted fixed mouse colons were performed in order to 
validate the images obtained during the in-vivo test. This also allowed us to determine if 
the images obtained during in-vivo tests were actually a good determination for cancer 
diagnosis.  
In-vitro experiments were also carried out at the Centro de Biología Molecular Severo 
Ochoa in Madrid in collaboration with Alicia Arranz. 
A second validation of the results obtained with the fiber-optic endoscopy in-vivo and in-
vitro was performed by using the SPIM. The same intestine tested in-vivo was cut into two 
fragments, tumor-free and tumor-bearing fragments, and was treated with 
immunofluorescence and with the CUBIC protocol for further analysis under SPIM.  
The SPIM tests were performed at the Medical Imaging Laboratory at Hospital Gregorio 
Marañon in Madrid in a custom-made SPIM microscope mounted by Dr. Ripoll. The device 
includes five different excitation lasers of varying wavelengths and an assortment of 
emission filters (Table 3), which makes possible the use of more than one fluorophore per 
sample allowing the visualization of different cellular types. 
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3.1. Fiber-optic endoscope components and system assembly 
 
 
Figure 9. Scheme of the fiber-optic endoscope system 
 
3.1.1. Near-Infrared Fluorescence camera 
 
Near-infrared (NIR) fluorescence imaging techniques have been developed for a 
number of clinical applications, ranging from improving tumor delineation, lymph node 
identification,metastasis staging, to neuronal activity monitoring in the recent years. It 
is a very promising technique for image guided surgery since fluorescence imaging can 
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provide high sensitive and real-time information. NIR camera capture videos with and 
without excited fluorescence under the normal surgical room lighting condition in real 
time [16]. This particular camera is sensitive both to the visible and NIR wavelengths, 
thus expanding the range of fluorophores that may be used in our endoscope. 
 
3.1.2. Illumination system 
 
A light-emitting diode (LED), LED Ultraviolet 405 nm [25], was used as the light source 
of our system. A LED releases energy in form of light in an effect called 
electroluminescence. Electroluminescence is an optical and electrical phenomenon in 
which a material emits light in response to the passage of an electric current or to a 
strong electric field. It is the result of radiative recombination of electrons and holes in 
the semiconductor. 
A LED is often in small area and we need extra optical components to shape its 
radiation pattern. An aspheric lens in needed to focus the LED radiation and an 
excitation filter, in this case, a band-pass filter is needed to limit the range of 
wavelengths that reach the dichroic mirror. The light is directed from the dichroic 
mirror through the optical fiber bundle reaching the sample and exciting their 
fluorophores.  
 
 
Figure 10. LED used in the endoscopy system. 
 
A laser that emits light coherently, focus on a spot and stay narrow over great 
distances (collimation), was also tested. In this particular case the illumination was 
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more homogeneous and more power is delivered with the LED so that we finally 
decided to use the LED as light source of our system. 
 
3.1.3. Lenses and objective 
 
Two different lenses and one objective have been used: a biconvex lens with focal 
distance 200mm, an aspheric lens, and one objective to adjust the light and focus the 
images. 
 
3.1.3.1. Objective 
 
The objective used has a magnification 10x, a numeric aperture of 0.25 that 
determines the light entering the objective and a working distance of 10.6 mm (Figure 
11). The objective is composed of different lenses for which light penetrates and 
captures the image allowing us to obtain the maximum focused image and maintain a 
constant collimation. 
 
 
Figure 11. 10X Olympus Plan Achromat Objective, 0.25 NA, 10.6 mm WD (from [19]) 
 
3.1.3.2. Biconvex lens 
 
The biconvex lens with a focal distance f=200mm is placed before the NIR camera to 
focus the image of the fiber, captured by the objective, onto the camera. We adjust 
the distance of the fiber bundle so that we acquire a focused image with the NIR 
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camera. Depending on the fiber bundle (with and without GRIN lens) we have to move 
the coupling at which fiber is connected closer or further away from the objective.  
 
3.1.3.3. Aspheric lens 
 
An aspheric lens (Figure 12.A) is used to collimate the light coming from the LED. The 
term asphere encompasses anything that is not a portion of a sphere, however when 
we use the term here we are specifically talking about the subset of aspheres that are 
rotationally symmetric optics with a radius of curvature that varies radially from the 
center of the lens (Figure 12.B). Aspheric lenses improve image quality, reduce the 
number of required elements, and lower costs in optical designs [17] . The aspheric 
lens is placed between the band-pass filter and the dichroic mirror. 
A. 
 
B. 
 
 
Figure 12. Aspheric lens. A. Aspheric lens used for our system assembly and B. Sketch of 
aspheric lens (from [18]) 
 
3.1.4. Filters and dichroic mirror 
 
An emission filter and an excitation filter as well as a dichroic mirror are needed to 
filter the desired wavelengths and to redirect light to the direction we want. The 
excitation light coming from the LED passes through the excitation filter and is directed 
to the dichroic mirror. The dichroic mirror reflects the light through the objective 
towards our sample that is excited and re-emits light. This emission light is of lower 
wavelength and passes back through the objective to the dichroic mirror that transmits 
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the light as long as it is in a wavelength range. If any excitation light is able to pass 
through the dichroic mirror it will be blocked when it reaches the emission filter [20]. 
Light passing through the emission filter is then be focused onto the camera (Figure 
13.A). 
  
3.1.4.1. Excitation filter 
 
The LED emits light in a rather broad wavelength range so that an excitation filter is 
needed to limit the wavelengths into a smaller range. 
The excitation filter is a band-pass filter that is placed between the LED and the 
aspheric lens and has a central wavelength of 400 nm and a half-bandwidth of 40 nm 
and only transmits light that is able to excite the sample marked with the specific 
fluorophore. Only wavelengths between 360 nm and 440 nm are transmitted, whereas 
light with a greater or smaller wavelength will be blocked, to the dichroic mirror that 
redirect this light with this certain wavelengths so that they excite our sample. The 
choice of excitation filter and LED may be changed depending on the fluorophore 
being imaged. 
 
3.1.4.2. Dichroic mirror and emission filter  
 
The dichroic mirror and emission filter, separate different wavelengths so that 
they allow light of a certain wavelength to pass through, the one we are interested in 
(corresponding to fluorescence), while light of other wavelengths is reflected. The 
emission filter is a band-pass filter with central wavelength of 483 nm and a half-
bandwidth of 31 nm. The dichroic mirror and the emission filter are plugged in 
together in a filter cube. 
The dichroic mirror reflects the light coming from the source that has previously 
passed through the excitation filter (band-pass filter) to 45º to the sample and the 
emission filter only allows certain wavelengths coming from the sample to pass. The 
dichroic mirror has the following characteristic shown in Table 1. 
3.  MATERIALS AND METHODS 
 
34 
 
 
 
Cut-On Wavelength (nm)  458 Wavelength at which the 
transmission increases to 50% 
throughput in a long pass filter. 
Reflection Wavelength (nm) 415-450 Wavelengths directed to our sample 
from the LED source. 
Transmission Wavelength (nm) 467-600 Wavelengths from our sample to the 
camera detection. 
Dimensions (mm) 25.2 x 35.6  
Reflection (%)  98  
Transmission (%) 90  
Angle of Incidence (º)  45.0  
 
Table 1. Dichroic mirror specifications (from [21]) 
 
We want our sample to be marked with fluorophores with an excitation wavelength in 
a range of 415-450 nm and emission wavelength in a range of 467-600 nm. The 
fluorophore used is this project was Acriflavine that is an acridine, an organic 
compound and a nitrogen heterocycle with the formula C13H9N, that we dissolved in 
water at a concentration of 0.01%. Acriflavine has an excitation wavelength of 460 nm 
and an emission wavelength of 514 nm in water (Figure 13.B). 
A.  
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B.  
 
 
Figure 13. A) Light path through excitation/emission filters and dichroic mirror B) Spectrum 
of the Fluorescence Filter Combination and Acriflavine. 
 
3.1.5. Optical fiber bundle 
 
A fiber bundle is a cable containing many optical fibers that are used to carry light. The 
optical fiber elements are typically individually coated with plastic layers and contained 
in a protective tube. The optic fibers used in this project are Fijikura image fibers. 
Fujikura is one of the world's leading manufacturer of fused silica-based coherent 
image fibers [22]. They have excellent image carrying characteristics and they are 
suitable for use in both medical and industrial applications. 
We have chosen FIGH series N-type since they are extremely thin providing great 
image quality with very high-resolution in ultra-thin diameters, high pixel density as 
well as great contrast and color with no defects. Also, they have high durability, 
flexibility and affordable pricing. Therefore, this kind of fibers are ideal for endoscopes 
due to its small size providing vision to previously inaccessible locations. The fiber 
chosen for this project has 30.000 fibers and it has an outer dimeter of 1 mm. Each 
individual fiber has a diameter of 5 µm. 
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Figure 14. Fijikura image fiber cross section structure (from [23]) 
 
In order to assemble the fiber to our system we attached a 4'w/ SMA (SubMiniature 
version A) connector at the end of the fiber bundle (Figure 15.A) with a special glue. 
The aperture of the SMA connector should be a little bit large than the diameter of the 
fiber bundle so this can pass through it. Once the fiber and the SMA connector are 
assembled (Figure 15.B)  we can connect the fiber to the fiber bundle coupling located 
in front of the box of our system (Figure 20) so that it is ready to be used. 
 
A. 
 
 
 
 
 
B.  
 
 
Figure 15. A) SMA connector B) Fiber bundles with (left) and without (right) GRIN lens and 
SMA connector assembly  
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3.1.5.1. GRIN lens 
 
Gradient-index (GRIN) optics is the branch of optics covering optical effects produced 
by a gradual variation of the refractive index of a material. Such variations can be used 
to produce lenses with flat surfaces, or lenses that do not have the aberrations typical 
of traditional spherical lenses. Gradient-index lenses may have a refraction gradient 
that is spherical, axial, or radial.   
The spatial resolution of the endoscope can be increased by attaching a GRIN lens, 
which is compatible with fiber-optics, to the distal tip of the fiber bundle. These optics 
are configured such that instead of placing the bundle tip directly on to the tissue, the 
tip is imaged onto the tissue surface, thereby increasing the spatial sampling frequency 
imposed by the light-guiding cores of the fiber bundle.  
In our case we assemble a GRIN lens to the distal tip of a fiber bundle (same fiber as 
the previous one). The GRIN lens was obtained from GrinTech and with the following 
characteristics: working distance 1mm, fields of view 55º, depth of field 1,5mm. In the 
GRIN lens the light rays are continuously bent within the lens until they are finally 
focused on a spot (Figure 16). 
 
 
Figure 16. Rays path through GRIN lens (from [24]) 
 
Appropriately choosing the lens length causes the image plane to lie directly on the 
surface plane of the lens so that sources such as optical fibers can be glued directly 
onto the lens surface (Figure 17). The diameter of the GRIN lens must exceed that of 
the fiber bundle so that all cores of the fiber bundle are fixed to the GRIN lens. In this 
case we ordered a fiber with the GRIN lens already stuck to it. 
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During this project we are going to test two different fiber bundles, one nude fiber 
bundle without anything at the tip and one fiber bundle with a GRIN lens attached to 
it. The advantage of the fiber bundle with the GRIN lens is that the tip has not to be in 
direct contact with the tissue we are exploring as it happens with the nude fiber 
bundle. The fiber with the GRIN lens has also a higher field-of-view is higher. On the 
other hand the nude fiber bundle has higher resolution than the fiber bundle with the 
GRIN lens attached to it.  
 
 
 
Figure 17.  Fiber bundle without (upper) and with (down) GRIN lens. 
 
3.1.6. Final system assembly 
 
All the system is placed inside a box designed for it. The box has an exit for the power 
supply, an exit for the computer connection, a power button to turn on and off the LED 
and an exit for the fiber bundle connection and focusing system. This box will allow to 
displace the whole system to any laboratory in which we want to use the endoscope, 
and will allow doctors or researchers to use the fluorescence fiber-optic endoscope in 
an easy and achievable way. 
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A. 
 
 
 
B.  
 
 
 
Figure 18. Fiber bundle endoscope A) Open box with all components and B) Close box. 
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3.2. Fiber-optic endoscope control with LabVIEW program 
 
A LabVIEW program of National Instruments is used to control our endoscope system 
and allows us to acquire real-time images. National Instruments is a unique platform 
which approach is the engineering and science applications that has driven progress 
across a wide variety of industries. Central to this approach we have LabVIEW, a 
development environment designed specifically to accelerate the productivity of 
engineers and scientists. LabVIEW has graphical programming syntax that makes it 
simple to visualize, create, and code engineering systems helping engineers translate 
their ideas into reality, reducing test times, and delivering business insights based on 
collected data. It helps to solve problems faster and more effectively saving money and 
improving product quality [26]. 
 
 
 
Figure 19. Interface of the fiber-optic endoscope LabVIEW program. 
 
IMAQ Vision library of LabVIEW was used for the NIR camera detection  and to develop 
the imaging applications needed for the image acquisition [27]. In order to record a 
video we have to press RECORD button so that a video starts to save in a folder in .avi 
format on our computer. We are also able to save a single image in .tiff format with 
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the button SAVE SNAPSHOT and to return to the default zoom with RESET ZOOM. 
Finally we can control the signal to noise ratio of the image with the bar GAIN and the 
changing values box EXPOSURE. 
 
3.3. Calibration protocol 
 
The calibration protocol establishes how to properly use the fiber-optic endoscope 
system obtaining the desired results and without any chance to break the system. The 
steps of the calibration protocol are the following: 
1. Connect the fiber-optic endoscope box (from behind) to the power supply with 
a power cord.  
2. Connect the fiber-optic endoscope box (from behind) to the computer with an 
Ethernet cable. 
3. Assemble the desired fiber-optic (with our without GRIN lens) to the fiber-optic 
coupling of the endoscope box. 
 
 
 
Figure 20. Fiber–optic coupling where the fiber is threaded and the focusing wheel to focus 
the image. 
 
4. Turn on the power supply of the endoscope box with the power button located 
in the front part of the endoscope box. 
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5. Turn on the LED power supply with the power button located in the front part 
of the endoscope box. Once this step is done, the laser light should be seen at 
the end of our optical fiber already connected. 
6. Open the LabVIEW program in the computer and run the program.  
7. Point the fiber bundle at the lights so that you are able to see a homogeneous 
image. 
8. Focus the image with the small wheel located in the fiber-optic coupling in the 
front part of the box as we can see in (Figure 20). This small wheel moves the 
fiber-optic coupling in very little distances so that we can perfectly obtain a 
focused image in which we can easily see the individual cores (Figure 21.C). 
 
A.  
 
B.  
 
C.  
 
 
Figure 21. Examples of imaging with the fiber-optic bundle. A) Poor focus B) Good focus C) 
Ideal Focus 
 
9. Improve quality of the image with the bar GAIN and the changing values box 
EXPOSURE of the LabVIEW program and save images or record videos with 
SAVE and RECORD buttons respectively.   
10. Clean the fiber bundle with isopropanol to remove dust before and after each 
use. 
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3.4. Resolution 
 
In order to characterize our fibers, we have to establish the resolution of the one 
without GRIN lens and the GRIN lens fibers. In order to determine the resolutions we 
used a 1’’ USAF-1951 Test Target (Figure 22.A) that is widely accepted to test the 
resolution of optical imaging systems such as microscopes, cameras and image 
scanners. These targets have 6 groups (+2 to +7) with 6 elements of horizontal and 
vertical lines, offering a maximum resolution of 228.0 line pairs per millimeter which 
equates to roughly 4.4 µm per line pair [28]. The largest set of non-distinguishable 
horizontal and vertical lines (Figure 22.B) determines the resolving power of the 
imaging system. Table in Figure 23 indicates the lines pairs per mm (lp/mm) for a given 
element of a group based on the equation below, where the line pair (lp) means a 
black and a white line. 
 
A.                                                           B.  
 
 
Figure 22. A) USAF Test Target B) Set of group lines and numbers that determine the 
resolution (from [28]) 
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Figure 23. Table of number of lines pairs/mm depending on the element and the group. (from 
[28]) 
 
Fiber without GRIN lens 
In the case of the fiber without the GRIN lens the resolution was measured by placing 
the end of the fiber directly on top of the Test Target surface. 
Fiber with GRIN lens 
The resolution of the fiber-optic with the GRIN lens was measured by placing the Test 
Target onto a small translation motor (Zaber, Canada), which we were able to control 
from the PC. We first placed the fiber-optic on a foot with its GRIN lens surface in 
direct contact with the Test Target surface (Figure 24) and we started to move further 
away the Test Target in 0.02 cm increments. 
 
 
 
Figure 24. Fiber-optic with GRIN lens placed on a foot and Test Target on the small engine. 
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3.5. In-vivo test 
 
Several experimental models of colon carcinoma have been developed to provide a 
better understanding of the disease in humans. The analysis of these models have 
provided evidence of the correlation between a chronic inflammatory status in the 
colon and the development of cancer. 
In this project, AOM/DSS mouse model [29] is used to induce colorectal cancer. In this 
model, the administration of azoxymethane (AOM), a typical compound use in 
biological research for the induction of cancer by favoring the introduction of mutation 
in DNA, is combined with the administration of the inflammatory agent dextran 
sodium sulphate (DSS), which induces an inflammation on the mouse colon that 
mimics the clinical and histological features of Inflammatory Bowel Diseases in 
humans, an inflammatory, chronic and autoimmune disorder that mainly affects the 
colon. 
When colorectal cancer is induced abnormal tissue growths from the internal mucosa 
of the colon called polyps appears. Sometimes this polyps are benign but in many 
cases they derive in a carcinoma and the destruction of the tissue, leading to the 
disappearance of the crypt structure and producing aberrant crypt foci. 
 
 
Figure 25. Normal control mice displayed normal colonic histology with an intact epithelium 
where crypts are well defined while in DSS we can observed that the epithelium has been 
destroyed and the crypt structure has disappeared (from [30]) 
3.  MATERIALS AND METHODS 
 
46 
 
The in vivo experiment provide us to detect the development of the tumor and 
metastasis without the extraction of the intestine of the mouse. We have performed 
several tests with the fiber-optic endoscope without the GRIN lens and with the GRIN 
lens fiber bundles. Acriflavine was used as fluorescence dye due its convenient 
excitation and emission wavelengths (Figure 12.B). The fluorescence is inserted in the 
mouse intestine topically, directly through the intestine cavity, avoiding thus the 
intravenously administration with a needle which is harder and more invasive.  
The fiber is introduced in the colon of the mouse through the anus and with the LED 
turned on. The real time images are seen with the LabVIEW program and the gain and 
exposure times are changed as desired in order to improve the illumination of the 
image. Real-time video allowed us to easily drive the fiber bundle through the intestine 
of the mouse while simultaneously several videos were recorded during the 
experiment for further study. 
Before and after each experiment, the fiber was cleaned with a lens cleaning tissue 
moistened in isopropanol (alcohol) being careful at the tip of the optical fibers. Lens 
cleaning tissues are special for glasses and mirrors to remove small particles.  
 
 
Figure 26. Testing the fluorescence fiber-optic endoscope in in-vivo (mouse) with the fiber 
bundle without GRIN lens. 
3.  MATERIALS AND METHODS 
 
47 
Apart from the test on AOM/DSS mouse model other in-vivo tests in healthy mice were 
performed so we could reach to a more real conclusion of the results. 
 
3.6. In-vitro test 
 
The fluorescence fiber-optic endoscope is tested in previously extracted fixed colons of 
healthy mice to validate the images obtained during in-vivo tests. The procedure is the 
same as before: fluorescence is topically administered inside the intestine cavity with a 
needle, the fiber-bundle endoscope is then introduced in the cavity with the help of 
tweezers and real-time videos are recorded for further analysis. 
A.  
 
B.  
 
 
Figure 27. In-vitro test. A) Acriflavine at 0.01% of concentration (left) and fixed mouse 
intestines in PBS (right), and a petri dish (down) in which the experiment was performed B) 
Insertion of the optic fiber with the help of tweezers through the fixed mouse colon. 
 
3.7. 3D image acquisition with SPIM microscope 
 
Selective Plane Illumination Microscope was used in extracted colon of the AOM/DSS 
mouse model previously analyzed in-vivo. This colon was cut in different fragments so 
that we keep the interested ones: one fragment free of cancer and one fragment with 
a clearly tumor in it. This two fragments were cleared and then examined under SPIM. 
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3.7.1. CUBIC clearing protocol 
 
CUBIC clearing protocol was used in this project to clear the interested tissues to 
properly image them under SPIM based on the Susaki et al. CUBIC protocol [31]. This 
protocol is based on both the removal of lipids, molecules that produce light 
scattering, and homogenization of the refractive index throughout the whole sample. 
The protocol implies the immersion of the sample into two reagents and the 
immunostaining of the sample. Reagent 1 allows lipid removal from our sample and 
Reagent 2 adjusts the refractive index through the whole brain. Immunostaining of the 
sample implies the target of fluorescent dyes to specific molecules in the sample. We 
used Alexa Fluor 647 Phalloidin, fluorescent probe used to visualize actin filaments 
under microscopy, and DAPI (4',6-diamidino-2-phenylindole), a fluorescent stain used 
to see cells of a tissue under microscopy. 
 
3.7.1.1. Solutions  
 
Reagent 1 (20 mL) 
Add to a glass beaker 7 mL of distilled water, 5 g of urea and 5 g of N,N,N’,N’-
tetrakis(2-hydroxy-propyl)ethylenediamine. This chemical is highly viscous, so it can be 
used diluted at 80% in water. Dissolve the mixture by stirring. This solution doesn’t 
need to be heated, although increasing the temperature for a short amount of time 
will help dissolve faster. If it was heated, when the temperature is back to room 
temperature add 3 mL of Triton 100x and mix by stirring. 
Triton is a detergent whose function is to increase the permeability of the cell 
membrane facilitating the diffusion of the polyalcohol that will remove the lipid 
molecules. Urea is an organic compound that will increase the refractive index of the 
tissue, diminishing the light scattering properties.  
Reagent 2 (40 mL) 
Add to a glass beaker 6 mL of distilled water, 4 g of Triethanolamine (10 wt%) and 20 g 
of Sucrose. Let it dissolve on a heated stirrer. Increase the temperature to almost 100 
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ºC. Avoid overheat of the solution; it will dissolve in approximately 15 minutes. When 
it’s almost dissolved, decrease the temperature but keep stirring. Add 10 g of urea and 
let it dissolve on non-heated stirrer in order to prevent decomposition of urea. Cool 
down the solution to room temperature and add 40 μL of Triton 100x (0.1%) and mix 
by stirring. Leave the reagent 4 days at rest so that possible bubbles produced during 
the process rise to the surface and disappear.  
Sucrose 30% (30 mL) 
Add 9 g of Sucrose in 30 mL of 1x PBS and mix by stirring on a stirrer or with a vortex.  
Sucrose 50% (40 mL) 
Add 20 g of Sucrose in 40 mL of 1x PBS and mix by stirring on a stirrer or with a vortex.  
Fluorescent labeling Solutions 
Add 0.1 g of Bovine Serum Albumin (BSA) to 20 mL of PBT 0.1% that is made up of 20 mL of 
PBS and 100 μL of Triton 100x (0.1%). 
 
3.7.1.2. Protocol for mouse colon  
 
DAY1 
Each selected colon fragment was cleaned with tweezers in order to remove hairs and 
some fuzz carefully to do not damage it. Then, each fragment was submerged in 10 ml of 
degassed Reagent 1 in a 50 mL Falcon tube and left for 7 days at 37 ºC in an incubation 
shaker in slow motion. Reagent 1 of the tumor fragment was changed for new prepared 
Reagent 1 at day 3 while the fragment without colon was maintain in the same Reagent 1 
solution for the 7 days. This solution change was done since the tumor fragment size was 
larger than the tumor-free fragment size so it would be more difficult to clear it. 
DAY2 
The samples were washed in clean 50 mL Falcon tubes with 1x PBS. Minimum 3 
washes of 10 minutes were done in a shaker at room temperature. 
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15 μL of Alexa Fluor 647 Phalloidin, at concentration 1:100, and 0.3 μL of DAPI, at 
concentration 1:5000, were added to 1.5 mL of the fluorescent labeling solution. This is 
done twice, one for each sample. 
Each sample was submerged on 1.5 mL of this solution and incubated in a rotor in 
motion at a refrigerator (4ºC) for 3 days. 
DAY3 
Samples were washed in PBT 0.1% in the same conditions as before in clean 50 mL Falcons 
and were submerged in 15 mL of 30% sucrose/PBS 1x each and incubated in a rotor in 
motion in a refrigerator (4ºC) for 1 day. Based on [32]. 
DAY4 
Both fragments were submerged in 20 mL of 50% sucrose/PBS 1x each and incubated in 
a rotor in motion in a refrigerator (4ºC) for 3 days. Based on [32]. 
DAY5 
Each colon fragment was submerged in 20 mL of Reagent 2 in a laboratory glass tube 
and incubated at 37 ºC in a shaker in slow motion for 1 or 2 days. 
The samples can be then stored in a refrigerator (4ºC) until they are going to be imaged. 
Reagent 2 precipitates at low temperatures, so before imaging submersion in a water bath 
at 37 ºC until it becomes completely liquid and transparent is needed. 
 
3.7.2. SPIM image acquisition 
 
The SPIM system has an excitation laser that is directed through a set of mirrors 
towards a cylindrical lens that will create the light sheet. The illumination objective 
used to direct the laser sheet in the focal plane is an infinity corrected 5x long working 
distance objective (Mitutoyo; NA 0.14, WD 34 mm, DF 14 μm). For the detection, two 
infinity-corrected long working distance objectives (Mitutoyo) of different 
magnification were available (Table 2). 
 
3.  MATERIALS AND METHODS 
 
51 
2x detection objective: numerical aperture (NA) 0.055, working distance (WD) 34 
mm and depth of focus (DF) 91 μm.  
5x detection objective: numerical aperture (NA) 0.42, working distance (WD) 34 mm 
and depth of focus (DF) 14 μm.  
 
Table 2. Two different magnification objectives available in the setup of the SPIM microscope 
at Medical Imaging Laboratory, Hospital Gregorio Marañon. 
 
The sample to be imaged was immersed in a cylindrical glass tube filled with Reagent 
2. The cylindrical glass tube is positioned inside a custom-made glass cuvette (Hellma 
Analytics) filled with oil (Johnson Baby Oil, Johnson & Johnson) since it is a cost-
effective solution that matched the high refractive index of glass or another 
component, depending on the experiment. The oil is used to match the RI of the 
sample under study and its immersion medium. A joystick with three degrees of 
freedom is also used to control the movement of the detection objective and the 
sample. 
The imaging system consists of a scientific CMOS camera (Neo 5.5 sCMOS, Andor Corp) 
thermoelectrically cooled to reduce electronic noise. The sensor has 2560x2160 active 
pixels and the physical detector size is 6.5 μm x 6.5 μm. The final resolution of the 
image will depend on the magnification of the detection objective and on the binning 
used. Binning is the aggrupation of two or more sensor adjacent pixels in order to 
achieve faster readout speeds and improved signal to noise ratios. 
The immunostained samples present data in two different channels, one for the DAPI 
nuclear counterstaining and one for Alexa Fluor 647 Phalloidin. To visualize the DAPI 
stained tissue, the sample was illuminated with the 405 nm laser and the emitted 
fluorescence signal was collected with a 475 nm emission filter. Alexa Fluor 647 
fluorochrome required illumination with the 635 nm laser and signal collection with 
the 670 nm filter.  
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Table 3. Excitation lasers and emission filters available in the setup of the SPIM microscope 
at Medical Imaging Laboratory, Hospital Gregorio Marañón. In the third column fluorescent 
labeling and dyes with matching excitation and emission spectra 
 
The detection was performed using 2x and 5x magnification lenses (Table 2). The 
acquired 3D image data set is automatically assembled as a TIF composite stack of all 
the acquired channels. 
 
3.8. Image processing 
 
Images acquired with the fiber-optic endoscope and the SPIM microscope were 
processed with ImageJ Open Source software. This free software constitutes a 
powerful tool for biological image analysis. A huge number of filters and plugins are 
available and batch processing of a large set of images can be easily implemented 
through macro programming. For the case of SPIM microscope, the volumetric 
reconstruction of the image stack was performed with the ImageJ 3D project.  
 
 
 
 
4. RESULTS AND DISCUSSION  
With the fluorescence fiber-optic endoscope we were able to analyze the tissue 
structure of the mouse colon, detecting the characteristic crypt structure mentioned at 
the introduction. Several videos were recorded during in-vivo and in-vitro tests and 3D 
reconstructions were performed from the stacks of images obtained during SPIM 
measurements. 
 
4.1. Optical fibers 
 
With respect to the optical fibers we realized that the GRIN lens does not provide 
sharp images when dealing with true 3D geometries such as the colon so it was not 
appropriate for endoscopy. With this fiber we were not able to detect the crypt 
structure of the colon tissue obtaining poor results.  We only obtained good results 
with the fiber bundle without the GRIN lens that are the ones shown in the results. 
A.  
 
B.  
 
 
Figure 28. Colon of a mouse seen with the fiber-optic endoscope in-vitro A) with GRIN lens 
and B) without GRIN lens 
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4.1.1. Resolution 
 
Fiber without GRIN lens 
As we can see in (Figure 29) the largest set of non-distinguishable lines is element 3 of 
group 7, placing the resolution of the fiber-optic without GRIN lens is 161.0 lp/mm. 
 
 
Figure 29. Picture of the smallest set of lines of the test target obtained with the fiber-optic 
without GRIN lens 
 
Fiber with GRIN lens 
Once all images were obtained in 0.02 cm increments the image with the best quality 
was at approximately 0.2cm as we see in (Figure 30). At that distance the largest 
element we were not able to distinguish was 4 of group 2, placing the resolution of the 
GRIN lens fiber-optic at 5.66 lp/mm.  
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Figure 30. Images of element 4 and group 2 of the Test Target taken in 0.02 cm increments 
starting at distance 0 cm. GRIN lens surface in contact with Test Target surface (first image) 
and moving far away until 0.42 cm, distance from GRIN lens to Test Target (last image). 
 
4.2. In-vivo results 
 
The In-vivo results were performed on a healthy mice as well as on a mouse with 
induced cancer as mentioned before, AOM/DSS mouse model. In all cases Acriflavine 
was previously topically inserted in the mouse colon. 
We realized during the in-vivo test on AOM/DSS mouse model that there were areas of 
the colon tissue where the crypt structure was easily detected (Figure 31.A ) and that 
there were other areas where the tissue was destroyed and no crypt structure 
appeared (Figure 31.B). We reached to the conclusion that the difference was between 
tumor-free areas and a cancer affected areas.  
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A.  
 
B.  
 
 
Figure 31. Colon of a mouse seen with the fiber-optic endoscope in-vivo. A) Tumor-free area 
in which we can appreciate the crypt structure of the intestine. B) Tumor affected area in 
which we can see how the crypt structure disappears. 
 
There were also some parts of the tissue that were quite destroyed in a step between 
tumor-free tissue and tumor formation in which we detected some crypt that has been 
increased in size and with the tissue surrounding almost destroyed (Figure 31.B)  
More in-vivo tests were performed in healthy mice in which we were able to detect 
the crypt structure on the whole colon.  
 
 
 
Figure 32. Colon of a healthy mouse seen with the endoscope in-vivo 
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If we compare results on healthy mice with the results on the AOM/DSS mouse model 
we can see that the crypts in this last mouse model seems to be larger than the ones 
on the healthy mouse. The reason could be that, although both are healthy parts of 
the colon, the area on the AOM/DSS mouse model could have begun to be affected by 
cancer and the crypts started to destroy increasing in diameter. 
 
4.3. In-vitro and Selective Plane Illumination Microscope results 
 
During in-vivo tests we only see what happens inside the mouse large intestine with 
the fluorescence fiber-optic endoscope since the mouse was sedated and we did not 
open it.  
The fiber-optic endoscope was tested on healthy fixed mouse colons extracted from 
mice and in which Acriflavine was previously inserted in the extracted mouse colon. 
We obtained similar results to those obtained in-vivo. The crypt structure was well 
appreciated in the whole mouse colon. 
 
 
 
Figure 33. Colon of a healthy mouse seen with the endoscope in-vitro in which we can 
appreciate the crypt structure of the colon tissue. 
 
Sometimes the crypts we observed under in-vitro tests seems to be smaller than the 
ones observed under in-vivo tests. This could be due to the fact that since the tissue 
(mouse colon) was fixed in paraformaldehyde, a polymer, it makes the tissue shrinks 
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[33] and in many cases this was amplified in some intestines that have been long 
periods of time in paraformaldehyde (Figure 34).  
 
 
 
Figure 34. Colon of a mouse seen with the fiber-optic endoscope in-vitro in which we can 
appreciate the crypt structure of the colon tissue.  
 
In order to prove the results obtained during the in-vivo experiment we sacrificed the 
mouse and extracted its colon in order to image it under SPIM. As we expected, there 
were zones in which the colon was tumor-free and zones with tumors in it (Figure 35).  
 
 
 
Figure 35. Colon of a mouse in which cancer was induced analyzed with the fiber-optic 
endoscope in-vivo (before extraction with the mouse alive), in-vitro (after extraction) and 
under SPIM. 
 
The extracted colon was fragmented in the two different parts identified in Figure 35: 
a tumor-free fragment and a tumor-bearing fragment that we observed with the fiber-
optic endoscope in-vivo. This two fragments were cleared with the CUBIC clearing 
protocol and examined under SPIM. 
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Some images of the SPIM under 2x and 5x magnification (Table 2) were analyzed as 
well as 3D reconstructions of both fragments were performed in ImageJ so that we 
could appreciate the whole volume structure of both fragments. 
 
A.  
 
 
B.  
 
 
Figure 36. Colon of a mouse. A) Tumor-free fragment (right) and tumor fragment (left) 
imaged with the fluorescence fiber-optic endoscope in vivo B) Tumor-free fragment (left) and 
tumor fragment (right) seen under SPIM with a 2x detection objective and 3D reconstructed 
with ImageJ. 
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The fragments in Figure 36 correspond to the fragments indicated in Figure 35 and in 
which we could easily appreciate the difference in size between the tumor fragment 
(larger) and the tumor-free fragment.  
The SPIM results showed us the same results as the ones obtained during the in-vivo 
experiment. SPIM images showed us that the tumor-free part of the intestine had the 
crypt structure preserved and the tumor fragment did not show any crypt structure 
and only tendons were appreciated (Figure 36 and Figure 37). 
A.  
 
B.  
 
 
Figure 37. Fragments of the colon of a mouse seen under SPIM with a 5x detection objective. 
A) Tumor-free fragment in which we can appreciate the crypt structure and B) Tumor 
fragment in which we cannot see any tissue structure. 
 
More in-vivo and in-vitro tests were performed in healthy mice in order to test the 
quality and resolution of the fiber-optic endoscope. Furthermore, these tests allowed 
us to prove that the crypt structure of the colon tissue can be appreciated with the 
fluorescence fiber-optic endoscopy system, so that the results obtained with the 
AOM/DSS mouse model and healthy mice in-vivo, in-vitro and under SPIM gave us real 
results of the structure of the colon tissue. 
 
 
 
 
 
 
 
5. CONCLUSIONS  
 
A high resolution fiber-optic endoscope has been developed and improved during this 
project for the colorectal tissue research in mice. The real application in mice has been 
demonstrated with some in-vivo tests in healthy mice as well as in a cancer induced 
mouse model. 
Two different fiber bundles have been used: one with the nude tip and the other with 
a GRIN lens attached to the tip. Some experiments in-vivo and in-vitro were performed 
in order to see the application of the two different fibers and we reach to the 
conclusion that the GRIN lens fiber was not appropriate for an endoscopy due it 
cannot focus on the 3D structure of the colon tissue. We only obtained good results 
with the fiber bundle without the GRIN lens that are the ones shown in the results. 
One in-vivo test was done on an AOM/DSS mouse model that is usually used for the 
colon carcinogenesis and chemo preventive intervention studies in humans. This 
model chemically induces colorectal cancer in mice causing the destruction of the 
colon tissue. The in-vivo test has shown that, as expected, there were areas of the 
colon where the characteristic crypt structure of the intestine tissue has been 
preserved while other parts of the colon that have been affected by cancer and in 
which the tissue structure has been destroyed.  
The in-vivo results were validated with in-vitro tests with the florescence fiber-optic 
endoscope and with a SPIM test on the AOM/DSS mouse model colon of the mouse 
tested in-vivo.  
The illumination source of the fiber-optic endoscope has been improved by comparing 
a laser and a LED as light sources for the system. We reached to the conclusion that 
the LED source was better in gain and exposure times so we finally keep it as the 
definitive light source for the fluorescence fiber-optic endoscope. 
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The resolution of the fiber-optic endoscope system has been calculated and a 
calibration protocol for the system has been defined.  
With this project we have proved that the fluorescence fiber-optic endoscope 
developed is appropriate for in-vivo studies of colorectal cancer in mice, being optimal 
in the detection of the cellular structure (crypts) of the large intestine (colon).  
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6. FUTURE WORK 
 
Future improvements of the system will consist mainly on increasing the number of 
excitation and emission wavelengths that the system may detect, if possible 
simultaneously. This will be done either by selecting which wavelength to use via a 
motorized system with different filters, or by modulating the excitation light in order 
to separate the contributions later via software, using what is termed “multiplexing”.  
This would enable imaging several fluorophores simultaneously, offering additional 
molecular and anatomical information. The system in its current form does not provide 
anatomical information and may only provide florescent measurements. By 
introducing the “multiplexing” approach, full RGB images superimposed to the 
fluorescence images may be formed making use of a single fiber bundle. 
With respect to the practical use of the system, a soft tip will be attached to the fiber 
bundle in order to reduce the damage that the tip makes in the tissue when in direct 
contact.  
 
 
 
 
 
 
 PROJECT COSTS  
 
The budget of this project was estimated taking into account four different types of 
resources: Endoscope components, technical equipment, laboratory material and 
human resources. 
Endoscope components Quantity Cost/Units Total Cost 
Fiber bundle: FIGH-30-850N, 
Fujikura, Koto, TKY, Japan 
1 621,83 € 621,83 € 
Fiber bundle with GRIN lens: FIGH-
30-850N, Fujikura, Koto, TKY, Japan 
1   
Allied Vision Manta G-145-30fps 2/3’’ 
Color CCD Camera: Edmund optics, 
Newport, NJ, USA 
1 2.133,03 € 2.133,03 € 
LB1945-A-ML - Mounted N-BK7 Bi-
Convex Lens, Ø1", f = 200.0 mm, ARC: 
350-700 nm: Thorlabs Inc, Delaware, 
USA 
1 38,84 € 38,84 € 
ACL2520U - Aspheric Condenser Lens, 
Ø25 mm, f=20.1 mm, NA=0.60 
1 20 € 20 € 
Dichroic Mirror and Emission : 
Edmund optics, Newport, NJ, USA 
1 556,64 € 556,64 € 
Bandpass Filter, CWL = 400 ± 8 nm, 
FWHM = 40 ± 8 nm: Thorlabs Inc, 
Delaware, USA 
1 99,00 € 99,00 € 
RMS10X - 10X Olympus Plan 
Achromat Objective, 0.25 NA, 10.6 mm 
WD Thorlabs Inc, Delaware, USA 
1 349,20 € 349,20 € 
M405D2 - UV (405 nm) LED on Metal-
Core PCB, 1400 mA, 1500 mW (Min): 
Thorlabs Inc, Delaware, USA 
1 165,00 € 165,00 € 
Box of the system 1 200 € 200 € 
Total: 4183,54 € 
Table 4. Endoscope components asscociated costs 
 
The costs generated by the technical equipment include laboratory machinery, the 
SPIM microscope as well as the different software and the computer hardware used in 
this project such as ImageJ or LabVIEW. 
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Technical 
equipment 
Quantit
y 
Cost/Unit
s 
Depreciatio
n/Month 
Months 
employed 
Total Cost 
SPIM 1 120 000 € 1.000 € 
 
2 2.000 € 
Personal 
Computer  
1 700 € 10 € 9 90 € 
University 
Computer  
1  10 € 6 60 € 
Engine 1 0 0 5 0 
LabVIEW 
Software 
1 0 0 9 0 
ImageJ 
Software  
Office Word 
2013 
1 
 
0 0 9 0 
Zaber Console 
Software 
1 0 0 1 0 
Total: 2.150 € 
Table 5. Technical equipment associated costs 
 
The budget for laboratory material includes all clearing reagents including PBS, Triton, 
urea, sucrose, detergents and polyalcohols; fluorescent labeling such as Alexa Fluor 
647, DAPI or Acriflavine as well as expendable material. Consumable laboratory 
material includes everyday items used for the sample clearing protocols such as 50 mL 
Falcon tubes, Pasteur pipettes, multiwall culture plates, etc. This material is supplied 
directly at the Centro de Biologia Molecular Severo Ochoa. 
 
Laboratory Material Quantity Costs/Unit Total Cost 
Clearing Reagents: 
Sigma Aldrich 
1 400 € 400 € 
Acriflavine: Sigma 
Aldrich 
1 (10g) 40,50 € 40,50 € 
Alexa Fluor 647 
Phalloidin: 
ThermoFischer 
2 43 € 86 € 
DAPI: Sigma Aldrich 2 3,5 € 7 € 
Consumable laboratory 
material 
--- 70 € 70 € 
Mouse 4 20 €* 80 € 
Dextran sodium 
sulphate (DSS) agent: 
MP Biomedicals 
1 (10g) 126 € 126 € 
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Azoxymethane 
(AOM)  A5486-25MG: 
Sigma 
1 270,50 € 270,50 € 
Total: 1.080 € 
* 6 weeks of life mouse 
Table 6. Laboratory material associated costs 
 
Human resources costs comprise the salaries of the team members working on the 
project. In this case, the student and the tutor worked full time while the Co-tutor 
worked part-time and one more person offered consulting hours occasionally. I 
consider an average salary for the student of 25€/hour, an average salary for the tutor 
and co-tutor as engineer and biologist of 40€/hour and an average salary for the 
assistant post-bachelor of  30€/hour.  
 
Human 
Resources 
Months Cost/Month Total 
Student 8 750 € 6.000 € 
Tutor 8 1200 € 9.600 € 
Co-tutor 5 1200 € 6.000 € 
Assistant 2 900 € 1800 € 
Total: 23.400 € 
Table 7. Human resources associated costs. 
 
Concept Total Cost 
Endoscope componets 4183,54 € 
Technical equipment 2.150 € 
Laboratory material 1.080 € 
Human Resources 23.400€ 
Total Project Cost:  30813, 54 € 
Table 8. Total Project cost 
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LabVIEW Program 
 
 
Figure 38. Control Window of the LabVIEW program 
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Figure 39. Terminal Window of the LabVIEW program 
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Figure 40. Terminal Window of the LabVIEW program 
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Publications 
 
Part of the in-vitro validation with Light Sheet Microscopy of the colon tissue 
performed at the CBM were submitted for publication to the SPIE Photonics West 
2016 Conference, San Francisco (California, USA): ‘The Cubic Protocol adapted for 3D 
imaging of the intact murine colon with light sheet microscopy’  
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